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St. Louis, Missouri, USA
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We have developed a low-cost, miniaturized disk-type electro-
static aerosol precipitator for a personal nanoparticle sizer, often
needed in applications requiring spatially distributed measurement
or personal exposure monitoring. The performance of prototype
mini-disk precipitator was evaluated in this study. Measurement
of particle transmission through the precipitator for both neutral
and singly charged particles shows that the compact size of the disk
precipitator does not lead to serious particle loss resulting from
particle diffusion and/or electrical image force. The transmission
of singly charged particles of 10 nm is 64% at an aerosol flowrate
of 0.3 lpm. The device consists of two precipitation chambers, sep-
arated by a metal disk. The design further allows the device to be
configured to precipitate charged particles by establishing electri-
cal fields in one or both precipitation chambers. Both operations
work well to precipitate particles by electrical mobility. The opera-
tion of dual-chamber precipitation, with electrical field established
on both sides of the middle disk, is preferred since it lowers the max-
imum requirement of applied voltage to precipitate particles with
a specific electrical mobility for a given flowrate. Semi-empirical
models were also developed to describe the dependence of the par-
ticle penetration curves on particle electrical mobility.
1. INTRODUCTION
Particles in the submicron and nanometer range have been
reported in the exhausts of different combustion sources, chem-
ical processes and aerosol reactors (Kauppinen 1990; Biswas
and Wu 2005). Examples include the exhausts of diesel and jet
engines, the emission from coal-combustion power plants, and
welding fumes. Such nanoparticulate matter is considered en-
vironmental pollution, and thus harmful (Warheit 2004). Sepa-
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rately, many modern industrial applications have begun to utilize
nanoparticles as part of a growing technology. For example, the
photocatalysis of nano-sized TiO2 has been proposed or imple-
mented for many practical applications including bacteria ster-
ilization, oxidation of soot particles, decomposition of kitchen
oils, super-hydrophilic surface coating, and hydrogen produc-
tion (Fujishima et al. 1997). Nanoparticles of different materials
are synthesized in chemical reactors for a variety of modern in-
dustrial applications (Maynard and Kuempel 2005; Biswas and
Wu 2005), and are the building blocks for the recent national ini-
tiative in nanotechnology in the United States. Meanwhile, the
number of scientific publications on the toxicity of newly synthe-
sized nanoparticles is increasing (Warheit 2004; Oberdo¨rster et
al. 2005). Workers in current and future nanotechnology-related
manufacturing facilities are increasingly likely to be exposed to
nanoparticles. It is thus desired to develop a low-cost, minia-
turized personal device for monitoring workers’ exposure to
nanoparticles.
Currently available instruments to measure particle size dis-
tributions in submicron and nanometer range, e.g., scanning mo-
bility particle sizer (Wang and Flagan 1990), are primarily de-
signed for scientific studies. These instruments provide good
size resolution and sensitive particle concentration detection.
However, they are also overly large and expensive for use as
personal particle monitors. Existing personal particle samplers
are primarily focused on particles with sizes larger than 0.1 µm.
In these devices, particles are initially separated by inertial ef-
fects, and the particle mass collected on different stages of im-
pactors or cyclones are measured manually after exposure (Lee
et al. 2006; Misra et al. 2002; Koch et al. 1999; Chen et al. 1999).
These instruments have been widely applied for particulate mea-
surements in indoor, outdoor, and personal environments (Liu
et al. 2002, Mader et al. 2001). While the inertial-separation
based technology works well in classifying particles in the su-
permicron and larger submicron range, they are impractical for
particles of much smaller diameters. Electrical-mobility based
techniques are better suited for measuring particles in the submi-
cron and nanometer ranges. A typical electrical-mobility-based
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particle sizer consists of three essential components: a parti-
cle charger to electrically charge sampled particles to a known
charge distribution, a particle-electrical-mobility-based separa-
tor to size particles and an aerosol counter to measure the con-
centration of sized particles. To develop the miniaturized ver-
sion of electrical mobility particle sizer we will need to have a
miniaturized aerosol charger, a particle separator and a particle
counter. The radioactive neutralizer commonly used in SMPS
could be used as the aerosol charger because of its simplicity
and reproducible charge distribution. However, the safety regu-
lation of radioactive sources limits its application for distributed
measurement or personal monitoring. Corona-discharge-based
unipolar charger is another option for particle charging but the
problems of multiple charges and being affected by environ-
mental factors complicate the data reduction for the sizer. For
particle counting, miniaturized aerosol electrometer and conden-
sation particle counter (CPC) are two potential options. Due to
the sensitivity of small current measurement, aerosol electrom-
eters are in general more suitable for counting particles with
the concentration larger than 150 particles/cm3 at the aerosol
flowrate of 0.3 lpm. CPC has the potential to count particles
at the concentration lower than that detectable by aerosol elec-
trometers. The portability and robustness of miniaturized CPCs
are however questionable because of the use of working fluid
in the devices. Therefore, the selection of aerosol charger and
counter for a miniaturized particle sizer will depend on specific
applications and remains unanswered.
In this study, we have designed and constructed a prototype
miniaturized electrostatic aerosol precipitator, more suitable to
be used in a miniaturized electrical mobility particle sizer. Low
cost solution with great miniaturization takes the highest prior-
ity in the design. Among different types of electrical mobility
analyzer designs, the simplest one is the precipitation type. Both
the cylindrical and disk configurations of precipitators have been
constructed and studied in the literature. The performance of a
precipitator is characterized by the penetration efficiency as a
function of applied voltage at a fixed aerosol flowrate. A critical
electrical mobility Zpc for any given voltage can then be de-
termined from the penetration curves. Charged particles having
electrical mobility larger than Zpc are completely precipitated
by a given voltage. Particle size distribution can be obtained by
stepping the voltage through the entire range and measuring the
electrical charges associated with penetrating particles (Adachi
et al. 1991; Forsyth et al. 1998). A disk-type electrostatic aerosol
precipitator was first studied by Hurd and Mullins (1962). The
basic construction consists of a central metal disk sandwiched
between two parallel metal disk electrodes. Electrically insu-
lating spacers create two flow chambers between the middle
and top/bottom disks. An electrically charged aerosol flow is
introduced into the top flow chamber by a straight tube con-
nected to the centre of the top disk, and flows radially outwards.
By creating an electrical field across the flow chamber, parti-
cles with sufficient electrical mobilities are removed from the
aerosol stream. The outflow is then directed to the flow chamber
between the middle and bottom disks through an annular slot.
In this bottom flow chamber the aerosol flow moves inward and
converges to an exit tube connected to the centre of the bottom
disk. No electrical field is established in the bottom flow cham-
ber since it is used for aerosol transport only. The diameter of
the device developed by Hurd and Mullins is about 203.2 mm
(8 inches) in diameter, and the thickness of the flow chambers
is 2 mm.
Our new mini-disk precipitator modifies the Hurd and
Mullins design to utilize both top and bottom flow chambers
for particle removal. This operational change further makes this
new device more compact. We have also developed a simple
model to predict the performance of particle removal for this
new disk-type electrical aerosol precipitator under the proposed
operational condition.
2. AEROSOL PRECIPITATOR AND EXPERIMENTAL
SETUP
2.1. Construction of Mini-Disk Electrostatic Aerosol
Precipitator
The mini-disk electrostatic aerosol precipitator is weighted
only 24 grams, and its design and dimensions are shown in
Figure 1. The basic construction sandwiches the middle metal
disk between symmetric top and bottom metal plates, using elec-
trically insulating spacers to create two equal flow chambers 0.05
inch high (1.27 mm). An annulus of small orifices is located close
to the outer edge of the middle disk, connecting the top and bot-
tom flow chambers. An electrically charged aerosol stream is
introduced into the top flow chamber through the central tube
connected to the top plate. The other central tube connected to
the bottom plate is used as the aerosol flow exit. Voltage can
be applied through a high voltage cable connected to the outer
edge of the middle disk. The top and bottom metal plates can
be either electrically grounded or biased to separate potentials
with respect to the middle disk. This option allows users to
configure the device to establish independent electrical field in
either flow chambers. The aerosol enters the device from one
FIG. 1. Schematic diagram of prototype mini-disk aerosol precipitator (units
in inches).
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of the central tubes, moves outwards radially, passes through
the orifices, and converges radially to the opposite central
exit tube.
When a fixed electrical field is established on either chamber,
the trajectories of charged particles are deflected. All particles
with sufficiently large electrical mobilities will be deposited on
the plates, and those with lower mobilities will partially or fully
escape and exit the device. When integrated into the nanoparticle
sizer, a sensitive aerosol electrometer can be used downstream of
the device to measure the concentration of escaped charged par-
ticles. In this study, we focused on the laboratory evaluation of
the precipitator’s performance as an electrostatic aerosol classi-
fier, so an Ultrafine Condensation Particle Counter (UCPC, TSI
3025A) was used to count particle number concentration.
2.2. Experimental Setup for the Performance Evaluation
of Prototype Precipitator
Shown in Figure 2 is the schematic diagram of the experi-
mental setup for the evaluation of the disk electrostatic aerosol
precipitator. The disk precipitator was tested with laboratory
generated test particles in the size range of 10–200 nm, both
neutral and charged. Monodisperse test particles (NaCl) in the
size range of 50–200 nm were produced using the atomizer-
Differential Mobility Analyzer (DMA)-classification technique
(Liu and Pui 1974). For particles of diameters less than 50 nm,
monodisperse silver particles were generated by the evaporation-
condensation-DMA-classification technique with a tube furnace
(Scheibel and Porstendo¨rfer 1983). For all particle sizes, the
transmission efficiencies through the disk precipitator with the
disk and all plates electrically grounded were measured for both
singly charged and neutral particles. Electrically neutral parti-
cles were obtained by passing charged particles classified by a
DMA, through a Po210 neutralizer and a home-made charged
particle remover, consisting of a high voltage electrode and
a grounded outer housing. Particle number concentrations up-
stream and downstream of the disk precipitator, Nup and Ndn(0),
were measured by a UCPC operated at the low flow mode (0.3
lpm), and the particle transmission efficiency was then obtained
as the ratio of Nup and Ndn(0) shown in Equation (1):
Transmission = Ndn(0)
Nup
[1]
When measuring the cutoff curves, monodisperse singly charged
particles were directly fed into the device. For each test par-
ticle size, the particle concentration downstream of the disk
FIG. 2. Experimental setup for the measurement of particle penetration and cutoff curves.
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precipitator with no voltage applied, Ndn(0), was first measured.
Corresponding downstream particle concentrations, Ndn(V),
were then measured at a sequence of applied voltages. As the
applied voltage is increased, more charged particles were pre-
cipitated. For each new voltage setting, Ndn(0) was measured
again to account for possible drift in the stability of test parti-
cle concentration. The particle cutoff curve for a given particle
size is given by the particle penetration, defined in the following
equation, as a function of the applied voltage.
P = Ndn(V)
Ndn(0)
[2]
In the measurements of both particle transmission and cut-
off curves, the flowrate through the disk precipitator was set at
0.3 lpm and controlled by the UCPC operated at the low flow
mode. The low flowrate operation is preferred because it re-
duces the voltage required to precipitate all the particles with a
given electrical mobility, and consequently reduces the size of
the required air mover. This further translates into energy saving
and improvement of device portability for the targeted applica-
tions. The selection of 0.3 lpm was based on the fact that for
measuring singly charged particles up to 300 nm in diameter, it
would require the voltage about 7.6 kV applied on the prototype
when using only one precipitation chamber. The operation of
test prototype with the flowrate higher than 0.3 lpm will require
to apply even higher voltage to precipitate singly charged parti-
cles of 300 nm in diameter. It is therefore undesired to operate
the prototype with the flowrate high than 0.3 lpm. The aerosol
flowrate selection is also due to the availability of miniaturized
pump to be used with the prototype.
3. RESULTS AND DISCUSSION
3.1. Particle Penetration
Two reasons led us to perform the particle penetration mea-
surements. One concern in developing a compact aerosol clas-
sifier is particle loss. As shown in Figure 1, the size of the flow
chambers between the end plates and middle disk are much re-
duced. Even without the voltage applied, charged particles could
be deposited by electrical image forces if they travel close to the
grounded metal plates. The second reason for performing parti-
cle penetration measurements is that the data will be needed in
the data reduction process to recover the particle size distribu-
tions being sampled.
The experimental particle transmission through the prototype
disk aerosol precipitator for singly charged and neutral particles
is shown in Figure 3. Monodisperse particles between 10 and
200 nm were used for these measurements. More than 85%
penetration is measured for neutral particles larger than 10 nm.
The loss of neutral particles is solely due to diffusion. A greater
proportion of charged particles are lost than neutral particles.
This tendency is especially marked for particles smaller than
50 nm. The loss of singly charged particles increases as particle
FIG. 3. Penetration of neutral and singly charged particles in the prototype
mini-disk aerosol precipitator.
size reduces. It indicates, in addition to the particle diffusion, that
image forces do play the role in the loss of charged particles. At
10 nm in diameter the particle penetration through the prototype
reduces to 64%, which is still considered enough for subsequent
precipitation measurement and analysis.
3.2. Precipitation Measurement
Given the geometry of the precipitator, at a fixed operational
flowrate the performance is characterized by the particle cut-
off curve (or transfer function), i.e., the particle penetration as
a function of voltage applied to the middle disk. Although the
prototype aerosol precipitator is designed to make use of both
flow chambers, it is useful to evaluate its performance when
electrical field is established in only one flow chamber, as in
the study of Hurd and Mullins (1962). This condition was used
to investigate the basic device performance, and to evaluate the
presence of possible manufacturing defects. For this evaluation,
the top plate with the inlet tube was electrically grounded, and
both the middle disk and the bottom plate with the outlet tube
were set at the same voltage. Shown in Figure 4a are the par-
ticle cutoff curves for different particle sizes. In the figure, the
penetration is normalized to 100% with no voltage applied. As
expected, larger particles require higher voltage than smaller par-
ticles to achieve the same penetration. The results demonstrate
that the disk precipitator is capable of differentiating particles
of different sizes by virtue of their electrical mobilities. Further,
penetration is a linear function of the applied voltage for a given
particle size. This result is consistent with the performance of
much larger electrostatic precipitators (Forsyth et al. 1998). The
particle precipitation results (relative penetration ratio P) were
also plotted against particle diameter for different applied volt-
age, as shown in Figure 4b. Such information will be useful to
determine critical electrical mobility Zpc for any given voltage.
As stated in the introduction, the miniaturization of the pre-
cipitator is one of our primary goals. Making use of the flow
chambers located at the top and bottom of the middle disk in the
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FIG. 4. Particle cutoff curves of the mini-disk aerosol precipitator for single
chamber precipitation (Q = 0.3 lpm).
prototype device is thus proposed for particle precipitation. This
is obtained by applying a high voltage on the middle disk and
keeping both top and bottom plates electrically grounded. The
proposed operation also reduces the maximum voltage required
to completely deposit particles of a given electrical mobility.
The experimental particle cutoff voltage curves using both flow
chambers are shown in Figures 5a and 5b, and exhibit similar
trends to those seen in Figures 4a and 4b. In contrast, however,
the particle cutoff curves appear slightly nonlinear. We hypoth-
esized that the nonlinearity is due to the mixing and redistri-
bution of particle concentration after the aerosol stream passes
through the small orifices to enter the bottom chamber of the
precipitator. Particles emerging from the top chamber have a
non-uniform spatial distribution due to the deflection and pre-
cipitation of charged particles by the electric field. In our hypoth-
esis, remixing of this non-uniform aerosol stream in the orifices
presents the second chamber with a newly uniform stream. In
the following section, we modeled results for both single and
dual chamber experiments. The model for the single chamber
operation is straightforward, and the model for the dual chamber
operation supports our remixing hypothesis.
FIG. 5. Particle cutoff curves of the mini-disk aerosol precipitator for dual
chamber precipitation (Q = 0.3 lpm).
4. DEVELOPMENT OF SEMI-EMPIRICAL MODELS
TO PREDICT THE PARTICLE CUTOFF CURVES
There are two motivations for developing model(s) to pre-
dict the particle cutoff curves. The first is to understand the
fundamental precipitation mechanisms affecting this miniatur-
ized aerosol precipitator. The second is that the model(s), once
experimentally verified, can be applied to estimate the upper par-
ticle size limit of the precipitator when the operational condition
changes, and to predict the particle cutoff curves of different par-
ticle sizes. The latter are needed in the data-reduction process
required to obtain particle size distributions.
Shown in Figure 6 is the simplified aerosol precipitator ge-
ometry used for model development. Only the top flow chamber
of the prototype device is considered. Cylindrical coordinates
are used, with r and z denoting the radial and axial coordinates,
respectively. Neglecting particle inertial and Brownian motion,
the particle trajectories are governed by the following equations:
dr
dt
= ur + Z p Er [3]
dz
dt
= uz + Z p Ez [4]
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FIG. 6. Illustration of the top flow chamber to be modeled in the prototype
precipitator, where charged particles are precipitated when an electrical field is
established.
where, Z p is the electrical mobility of the particle, ur and uz
are radical and axial components of the flow velocity, Er and
Ez are the respective components of the electrical field. In this
case, it is assumed that the electrical field is uniform in the axial
direction. Er is thus equal to zero everywhere, even at the edges
of the orifices and inlet tube.
Knutson and Whitby (1975) showed that non-diffusive par-
ticles would traverse their similar device along trajectories of
constant particle stream function,
(r, z) = ψ(r, z) + Z p(r, z) [5]
which is expressed in terms of the fluid stream function,ψ , and
the corresponding electric flux function, . With the assumption
that the flow is axisymmetric, laminar, and incompressible, the
stream function and electric flux function can be defined by
Equations (6) and (7) as follows,
ψ(r, z) =
∫ r,z
[rur dz − ruzdr ] [6]
(r, z) =
∫ r,z
[r Er dz − r Ezdr ] =
∫ r,z
[−r Ezdr ] [7]
Because the particle stream function is a constant, the follow-
ing equation applies for the trajectory of particles with a given
electrical mobility,
ψ = −Z p [8]
The limiting streamlines, ψ1 and ψ2 (shown in Figure 6) form
two boundaries which contain the entire volumetric aerosol flow
in the mini-disk precipitator. The volumetric flow rate, Q can be
expressed by,
Q = 2π (ψ1 − ψ2) [9]
Assume that the particle concentration profile at the aerosol
entrance is uniformly distributed between two limiting stream-
lines. When a voltage is applied to the middle disk, the result-
ing electrical field deflects the charged particles toward the top
grounded plate. From Equation (8),
ψ∗ = ψ1 + Z p [10]
 =
∫ ro
0
−r Ezdr = −r
2
o
2
V
2b
[11]
where ro, as shown in Figure 6, is the radius of the small orifices’
location on the middle disk; 2b is the height of the flow chamber;
and V is the applied voltage. Equations (10) and (11) indicate
that, when a positive voltage V is applied on the middle disk,
positively charged particles with electrical mobility Z p and col-
lected on the top grounded plate were initially located between
the streamlines ψ1 and ψ∗.
The condition for particles penetration can be defined by
Equation (12),
P = 1 − ψ1 − ψ
∗
ψ1 − ψ2 [12]
Substituting Equations (9), (10), and (11) into Equation (12)
we conclude that the particle penetration, P , through the disk
precipitation zone can be described as,
P = 1 − K1V [13]
K1 = πr
2
o
2bQ Z p [14]
Note that the particle penetration is independent of the de-
tailed flow profile in the mini-disk precipitator, as long as the
flow remains steady and laminar.
The assumptions of a steady, axisymmetric laminar flow and
no radial component to the electrical field may not reflect the
actual conditions in practice. An empirical coefficient is thus
included into Equation (14) to account for the discrepancy be-
tween ideal and real conditions:
K1 = πr
2
o
2bQα1
Z p [15]
where α1 is the empirical coefficient, which will be close to
1 when the flow and electrical field are close to the assumed
conditions.
Equation (15) is then used to fit the particle cutoff curves
given in Figure 4a, using a single flow chamber for charged
particle precipitation. Since the curve for each particle size is
linear, the slope, K1, can be retrieved from the experimental
data. Figure 7 shows the comparison of the K1 values from both
experimental data and the model calculation, as a function of
test particle electrical mobility. It is found that the experimental
slope, K1, is well fitted with that predicted by the model when
the empirical factor,α1, is set as 0.95, indicating the validity of
the model as well as its assumptions.
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FIG. 7. Fitting the derived model of K1 with experimental data (Q = 0.3 lpm).
The performance of the prototype when only using the lower
chamber for charged particle precipitation had also been inves-
tigated in this study. Under such operation the curves of particle
penetration v.s. applied voltage at different particle size are again
linear. Similar data analysis was also done on the data collected.
It has shown that the model agrees well with the experimental
data when α1 is set as 1.05.
For operation using dual chamber precipitation, the pene-
tration of charged particles through the device is described as
follows, based on the assumption of remixing into a uniform
particle distribution in the small orifices between the upper and
lower flow chambers:
P = (1 − K2V )2 [16]
K2 = πr
2
o
2bQα2
Z p [17]
where K2 is the characteristic slope of particle precipitation for
the cutoff curves, and α2 is the empirical factor. From Equation
(16), P1/2 should be linearly related to applied voltage with the
slope of K2. Figure 8 shows the square root of the experimental
FIG. 8. Plot of P1/2 v.s. applied voltage for experimental data on the dual
chamber precipitation operation (Q = 0.3 lpm).
FIG. 9. Fitting the model of K2 with experimental data (Q = 0.3 lpm).
particle penetration, P1/2, as a function of applied voltage. The
linear relationship is clearly demonstrated in the figure. The val-
ues of K2 for different particle diameters can be obtained from
the slopes given in Figure 8. Shown in Figure 9 is the comparison
of experimental and modeled K2 values, as the function of par-
ticle electrical mobility. It is found that the proposed model can
well fit the experimental K2 values at different particle diameters
when the empirical factor, α2, is set at 0.82.
In addition to the advancement of the modeling on the per-
formance of disk-type precipitator, the developed models have
two practical applications: one is to use them in the data re-
duction scheme to recover particle size distribution for any
nanoparticle sizer, and the other is to optimize the performance
of disk-type precipitator under a variety of physical and space
constraints.
5. CONCLUSION
A mini-disk precipitator was designed to serve as an electro-
static aerosol classifier and its performance was experimentally
evaluated. This newly designed prototype device provides a low-
cost solution for applications needing the spatially distributed
measurement or personal exposure monitoring of nanoparticles.
Despite its compact size, the prototype device provides satis-
factory penetration for charged particles. The design of the de-
vice allows it to be operated utilizing one or both flow cham-
bers between the middle disk and top/bottom plates for particle
precipitation. Both operations work very well in differentiating
particle sizes by electrical mobility. The performance of the pre-
cipitator when operated at a fixed flowrate was experimentally
characterized by the particle cutoff curves, i.e., the penetration
v.s. applied voltage. Semi-empirical models were also devel-
oped to describe the particle cutoff curves for both operational
conditions. Dual chamber precipitation is preferred because the
arrangement reduces the voltage requirement to remove all parti-
cles of a given electrical mobility. The particle cutoff curves un-
der such an operation are not strictly linear. Our modeling results
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indicate that the nonlinearity is probably a result of the aerosol
mixing and redistribution when it moves between the flow
chambers.
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